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Leptin Activates Hypothalamic CART Neurons
Projecting to the Spinal Cord
al., 1995; Pelleymounter et al., 1995). The behavioral,
neuroendocrine, and autonomic effects of leptin are pre-
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tors are highly localized in hypothalamic cell groups,
especially in the mediobasal hypothalamus (Mercer et
al., 1996; Schwartz et al., 1996; Fei et al., 1997; ElmquistSummary
et al., 1998a). Therefore, it is plausible that leptin may
activate sympathetic preganglionic neurons through aThe adipocyte-derived hormone leptin decreases body
neuronal relay originating in the hypothalamus (Loewy,weight in part by activating the sympathetic nervous
1991; Saper, 1995). Several hypothalamic cell groupssystem, resulting in increased thermogenesis and en-
directly innervate the sympathetic preganglionic cellergy expenditure. We investigated hypothalamic path-
column, including the lateral hypothalamic area, theways underlying leptin's effects on stimulating the
paraventricular nucleus (PVH), the dorsal hypothalamic
sympathetic nervous system. We found that leptin ac-
area, and the retrochiasmatic area (RCA) (Saper et al.,
tivates neurons in the retrochiasmatic area (RCA) and
1976; Swanson and Kuypers, 1980; Cechetto and Saper,
lateral arcuate nucleus (Arc) that innervate the tho-
1988; Strack et al., 1989). However, the hypothalamic
racic spinal cord and also contain cocaine- and am-
pathways engaged by leptin that regulate sympathetic
phetamine-regulated transcript (CART). We also found outflow are still unclear.
that most CART-containing neurons in the RCA and Recent studies have identified several neuropeptides
Arc of the hypothalamus also contain proopiomelano- residing in the arcuate nucleus (Arc) and RCA of the
cortin (POMC) mRNA. The finding that leptin activates hypothalamus as targets of leptin (Campfield et al., 1998;
CART/POMC neurons innervating sympathetic pre- Woods et al., 1998). One of these is cocaine- and am-
ganglionic neurons in the thoracic spinal cord sug- phetamine-regulated transcript (CART) (Douglass et al.,
gests that this pathway may contribute to the in- 1995), which is found throughout the CNS, including a
creased thermogenesis and energy expenditure and prominent population in the Arc and the RCA (Koylu et
decreased body weight observed following leptin ad- al., 1997, 1998). CART neurons in the Arc are regulated
ministration. by leptin, as CART mRNA levels are decreased during
times of low leptin, such as starvation or in ob/ob mice.
Introduction This reduction in CART mRNA is reversed by leptin ad-
ministration (Kristensen et al., 1998). Intracerebroven-
The identification of leptin greatly increased the under- tricular (icv) injection of CART peptides also inhibits
standing of the pathophysiology of obesity and related feeding, including that induced by neuropeptide Y (NPY)
disorders (Zhang et al., 1994). Leptin is produced by administration. Moreover, icv injections of CART-block-
white adipose tissue and affects food intake, body ing antisera induces feeding in rats (Lambert et al., 1997,
weight, neuroendocrine status, and thermogenesis. The 1998; Kristensen et al., 1998). Therefore, engagement
total absence of leptin as seen in ob/ob mice causes of central CART-containing systems may underlie many
obesity, diabetes, inactivity, and dysregulation of multi- of the physiological effects of leptin. However, the spe-
ple neuroendocrine axes (Ahima et al., 1996; Spiegelman cific neuroanatomic pathways underlying these effects
and Flier, 1996). The repletion of leptin to ob/ob mice are unknown.
decreases feeding; normalizes body weight, activity lev- In addition to CART-containing systems, several other
els, and body temperature; and also corrects neuroen- neuropeptide systems play a role in regulating metabo-
docrine abnormalities (Campfield et al., 1995; Halaas et lism. Recent evidence suggests that central melanocor-
tin receptor systems are critical in the regulation of body
weight and food intake, including that mediated by leptin§ To whom correspondence should be addressed: (e-mail: jelmquis@
bidmc.harvard.edu). (Fan et al., 1997; Huszar et al., 1997; Ollmann et al.,
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1997; Seeley et al., 1997). The endogenous ligands for
central melanocortin receptors are likely a-MSH, a prod-
uct of the proopiomelanocortin (POMC) gene, and
agouti-related peptide (AgRP) (Ollmann et al., 1997).
POMC cell bodies have a very limited distribution in the
brain and are found in the Arc and the nucleus of the
solitary tract (Jacobowitz and O'Donohue, 1978; Watson
et al., 1978; Joseph et al., 1983). Interestingly, a very
high percentage of hypothalamic POMC neurons also
contain leptin receptor mRNA (Cheung et al., 1997), and
leptin regulates the levels of POMC mRNA in the Arc
(Schwartz et al., 1997; Thornton et al., 1997; Mizuno et
al., 1998). Therefore, POMC neurons are targets of leptin
and are also involved in regulating body weight.
POMC and CART neurons have a similar distribution
in the lateral Arc and RCA. We therefore hypothesized
that these peptides might be coexpressed in a popula-
tion of Arc and RCA neurons. In the current study, we
investigated the distribution of leptin-activated neurons
that innervate sympathetic preganglionic neurons in the
thoracic spinal cord. We also investigated the overlap
of CART and POMC systems in the rat hypothalamus,
as both systems are regulated by leptin. Finally, we
investigated whether CART or POMC neurons in the
lateral Arc and RCA may underlie leptin's stimulatory
effect on the sympathetic nervous system.
Results
CART and POMC mRNAs Are Coexpressed
in Hypothalamic Neurons
Using double-label in situ hybridization, we found a high
percentage of CART and POMC mRNA coexpression in
neurons in the RCA and in the lateral Arc. The CART
mRNA was detected with a digoxigenin-labeled ribo-
probe and the POMC mRNA with a 35S-labeled riboprobe
and autoradiography. Specifically, .90% CART-con-
taining cells also contained POMC mRNA in the RCA
Figure 1. POMC and CART Are Coexpressed in Neurons of the RCAand the Arc (Figures 1 and 2A; Table 1a). Single-labeled
and Arc
neurons containing POMC or CART mRNA were found,
Line drawings of three rostral-to-caudal levels of the rat hypothala-
but they were clearly in the minority. We also used CART mus illustrate the colocalization of POMC and CART mRNAs in
peptide immunohistochemistry followed by hybridiza- neurons of the RCA and in the Arc of the hypothalamus. The sections
tion with the POMC riboprobe (Figure 2B; Table 1b). were processed for dual-label in situ hybridization histochemistry.
The neurons containing CART mRNA were demonstrated with aDouble-labeled cells were observed as silver grains
digoxigenin-labeled riboprobe (CART-dig; squares). The neuronsoverlying brown cytoplasmic staining. These experi-
containing POMC mRNA were visualized with a POMC-35S-labeledments confirmed the results of the dual in situ methods,
riboprobe (POMC-35S; circles). The majority of neurons contain both
as z90% of the cells containing CART-like immunoreac- mRNAs (Xs). Abbreviations: 3v, third ventricle; ME, median emi-
tivity (CART-IR) in the RCA and the Arc also contained nence; ot, optic tract; and VMH, ventromedial nucleus of the hypo-
POMC mRNA (Figure 2B; Table 1b). thalamus. Scale bar, 1 mm.
previously (Koylu et al., 1998), we found a very higha-MSH-IR and CART-IR Are Found in the IML
To assess the innervation of sympathetic preganglionic density of CART-IR in the IML and around the cc of the
spinal cord (Figure 3D).neurons, we analyzed the distribution of a-MSH- and
CART-immunoreactive fibers in the upper thoracic level
of the spinal cord in six unmanipulated rats. The a-MSH- Distribution of Retrogradely Labeled Cells
To investigate candidate leptin-sensitive cell groups ofimmunoreactive fibers were relatively dense in the inter-
mediolateral cell column (IML) and around the central the hypothalamus that innervate sympathetic pregangli-
onic neurons, we injected the retrograde tracer Fluoro-canal (cc) (Figure 3A). In both sites, we observed varicos-
ities and terminal arborizations characteristic of specific gold (FG) into the rostral thoracic spinal cord centered
on the IML. In ten cases, FG injections included the IMLinnervation (Figures 3B and 3C). In addition, we ob-
served a few fibers in the substantia gelatinosa but no- in the T1±T4 levels of the spinal cord (Figure 3E). The
distribution of cells containing FG-like immunoreactivitywhere else in the spinal cord. In addition, as described
Leptin-Activated Hypothalamo±Spinal Projections
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Figure 2. Leptin Activates CART/POMC Neu-
rons Projecting to the Spinal Cord
(A) Dual-label in situ hybridization reveals that
CART and POMC mRNA are coexpressed in
the Arc (arrows). The neurons containg clus-
ters of silver grains were hybridized with a
POMC-35S-labeled riboprobe, and the neu-
rons containing CART mRNA were hybridized
with a probe labeled with digoxigenin.
(B) Immunohistochemistry coupled with in
situ hybridization reveals that neurons coex-
press mRNA for POMC and CART-IR in the
RCA (arrows). The neurons containing clus-
ters of silver grains were hybridized with a
POMC-35S-labeled riboprobe (POMC-35S). The
CART-immunoreactive neurons contain brown
cytoplasmic reaction product.
(C) Dual-label immunohistochemistry dem-
onstrates that CART neurons (brown cyto-
plasm) contain Fos-IR (black nuclei) 2 hr fol-
lowing iv leptin (1 mg/kg) in the Arc (arrows).
(D) Dual-label immunohistochemistry show-
ing that retrogradely labeled neurons (brown
cytoplasm) after FG injection into IML (T1±T4)
also contain Fos-IR (black nuclei) following iv
leptin in the RCA (arrows).
(E±F) Dual-label immunohistochemistry re-
veals that many retrogradely labeled neurons
(white neurons) in the RCA contain CART-
IR (red cytoplasm) and also contain Fos-IR
(black nuclei) following iv leptin (arrows 5 tri-
ple-labeled neurons). Scale bar, 50 mm (A±D)
and 100 mm (E±F).
(FG-IR; retrogradely labeled neurons) in the hypothala- caudal part of the dorsomedial hypothalamic nucleus,
parvicellular subdivisions of the PVH, the ventral pre-mus following these injections was similar to those pre-
viously reported (Saper et al., 1976; Swanson and Kuy- mamillary nucleus, the superior lateral parabrachial nu-
cleus, and in cells in the RCA and the lateral Arc (Figurespers, 1980; Sawchenko and Swanson, 1982; Cechetto
and Saper, 1988). Characteristically, very high numbers 2C±2F, 4, and 5). Little Fos-IR was observed in the medial
Arc. Within the rostral RCA and ventral to the VMH, dual-of retrogradely labeled cells were observed in the dorsal,
ventral, and lateral subdivisions of the PVH. In addition, label immunohistochemistry revealed that many of the
cells that contained leptin-induced Fos-IR also con-many retrogradely labeled cells were observed in the
lateral and dorsal hypothalamic areas. Many retro- tained CART-IR (Figures 2C, 2E, and 5; Table 2). Addi-
tionally, some of the leptin-activated cells in the PVHgradely labeled cells were also found in a continuum
that included the RCA and the lateral divisions of the Arc also contained CART-IR (see Table 2).
and the region ventral to the ventromedial hypothalamic
nucleus (Figures 2D, 2F, and 4). Distribution of Leptin-Activated Cells
Projecting to the Spinal Cord
Six cases had FG injections that included the IML andDistribution of Leptin-Induced Fos-IR:
Relationship to CART and POMC Neurons had typical distribution of Fos-IR following iv leptin (1.0
mg/kg) (Elmquist et al., 1997, 1998b). In these cases, aIntravenous injections of leptin (1.0 mg/kg) induced a
characteristic pattern of Fos-like immunoreactivity (Fos- few double-labeled neurons (containing Fos-IR and FG-
IR) were observed in the PVH. However, the majority ofIR) in the rat brain (Elmquist et al., 1997, 1998b). We
observed Fos-IR in the dorsomedial division of the the cells containing either Fos-IR or FG-IR were singly
labeled. In contrast, many double-labeled cells wereventromedial nucleus of the hypothalamus (VMH), the
Neuron
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Table 1a. Colocalization of POMC mRNA and CART mRNA
Double-Labeled % Double-Labeled
Region Atlas Level POMC CART (POMC 1 CART) (POMC 1 CART/CART)
RCA 25/25 81 6 2.3 76 6 3.8 73 6 2.7 97 6 1.5
Arc1 26/27 68 6 4.0 67 6 2.8 63 6 5.7 95 6 2.0
Arc2 25/26 52 6 5.2 51 6 4.6 48 6 4.7 93 6 1.0
Table 1b. Colocalization of POMC mRNA and CART-IR
Double-Labeled % Double-Labeled
Region Atlas Level POMC CART (POMC 1 CART) (POMC 1 CART/CART)
RCA 25/25 98 6 5.9 91 6 8.8 84 6 7.3 93 6 1.4
Arc1 26/27 56 6 0.7 52 6 1.3 46 6 2.0 90 6 2.7
Arc2 25/26 50 6 4.5 50 6 3.2 43 6 3.2 86 6 1.6
Values represent estimates of mean counts of cells 6 SEM. Data were analyzed by ANOVA and differences between groups by Fisher-
protected least significant difference (PSLD) test. There was no significant difference between the number of POMC and CART neurons as
detected by immunohistochemistry and in situ hybridization or dual-label in situ hybridization. The atlas-level designations correspond to
those described by Paxinos and Watson (1997) and Swanson (1992), respectively. Abbreviations: Arc1, arcuate nucleus of the hypothalamus,
rostral level; Arc2, arcuate nucleus of the hypothalamus, caudal level; CART-IR, cocaine- and amphetamine-regulated transcript-like immunore-
activity; POMC, proopiomelanocortin; and RCA, retrochiasmatic area of the hypothalamus. n 5 3 per group.
observed in the RCA (Figures 2D±2F and 4; Table 3). Technical Considerations
Our dual in situ hybridization results demonstrate thatThese cells extended into the lateral Arc and laterally
there is an extensive overlap of CART and POMC neu-into the area ventral to the VMH (Figures 3D±3F and 5).
rons in the RCA and Arc of normally fed rats. However,The total number of retrogradely labeled cells constitut-
as in all in situ hybridization and immunohistochemicaling this group is far less than the total number of cells
studies, it is possible that our methods are not sensitivein the PVH. However, over 70% of these retrogradely
enough to account for all neurons containing CART orlabeled cells contained leptin-induced Fos-IR (Table 3).
POMC. Thus, our findings only estimate the degree ofUsing dual-label immunofluorescence, we found that
coexpression of POMC and CART. However, the highmost (z60%) of the retrogradely labeled cells contain-
degree of overlap suggests that the vast majority ofing leptin-induced Fos-IR also contained CART-IR (Fig-
CART neurons also contain POMC. Second, our injec-ures 2E and 2F). Saline injections resulted in very few
tions were centered on the IML of the rostral thoracicdouble-labeled neurons in the PVH or the RCA. In the
spinal cord (T1±T4). We deliberately made rather largenucleus of tractus solitarius (NTS), despite the existence
injections to label inputs to a substantial populationof a group of neurons expressing Fos-IR and retro-
of preganglionic neurons, and therefore our injectionsgradely labeled cell bodies after FG injections into the
inevitably spread into surrounding areas of the spinalspinal cord, we did not find any double-labeled neuron
cord. However, the hypothalamic projection to the tho-(Fos 1 FG).
racic spinal cord is largely restricted to lamina I of theSince only the Arc and the NTS have been described
dorsal horn, the IML, and area X surrounding the ccto express POMC (Jacobowitz and O'Donohue, 1978;
(Saper et al., 1976; Swanson et al., 1980; Luiten et al.,Watson et al., 1978; Joseph et al., 1983), we also investi-
1985). In addition, we saw that the majority of the retro-gated whether the NTS POMC cells could be contribut-
gradely labeled cells in the RCA and Arc also containeding to a-MSH innervation of the IML. We did not find
CART-IR. This is relevant, as the IML contains a denseany double-labeled cells (FG-IR 1 POMC mRNA) in the
population of both CART peptide±immunoreactive cellsNTS, suggesting that the a-MSH innervation of the IML
and fibers (Koylu et al., 1998). Thus, our results suggestoriginates in the Arc.
that leptin-activated CART cells in the hypothalamus
innervate the IML. However, it is likely that projections
Discussion to other regions of spinal cord, such as the dorsal horn
and lamina X, also exist.
In this study, we found that neurons in the RCA and Arc In addition, CART neurons are found throughout the
of the hypothalamus contain both POMC mRNA and CNS, many of which may contribute to the spinal cord
CART mRNA or POMC mRNA and CART-IR. We also innervation. However, POMC (a-MSH) neurons are seen
found leptin-induced Fos-IR in CART-immunoreactive only in the Arc and NTS (Jacobowitz and O'Donohue,
neurons in the lateral Arc and in the RCA. Moreover, we 1978; Watson et al., 1978; Joseph et al., 1983). Interest-
identified a population of neurons in the RCA and lateral ingly, using a specific antisera, we found that a-MSH-
Arc that is leptin activated, contains CART-IR, and di- immunoreactive fibers are concentrated in the IML and
rectly innervates the thoracic spinal cord. Leptin medi- the cc, areas that are innervated by hypothalamic nuclei.
ates many of its physiological effects by increasing ac- Our results also demonstrated that following our FG
tivity of the sympathetic nervous system. Engagement injections in the upper thoracic cord, no retrogradely
of this novel pathway may contribute to increased ther- labeled cells in the NTS express POMC mRNA. Thus,
mogenesis and energy expenditure characteristic of lep- the a-MSH innervation of the IML very likely originates
from neurons residing in the Arc. As POMC and CARTtin action.
Leptin-Activated Hypothalamo±Spinal Projections
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Figure 3. a-MSH and CART Innervation of
the Upper Thoracic Spinal Cord
(A) Immunohistochemistry demonstrates
a-MSH-IR in the upper thoracic level of the
spinal cord (coronal section). Note that the
fibers are concentrated in the IML and around
the cc.
(B) A higher magnification of (A) showing spe-
cific innervation of the IML by a-MSH-immu-
noreactive fibers (use box for orientation).
(C) Photomicrograph showing a-MSH-immu-
noreactive fibers around the cc from an adja-
cent section.
(D) Immunohistochemistry demonstrates a
high density of CART-IR in cells and fibers
in the IML of the upper thoracic spinal cord
(horizontal section).
(E) Immunohistochemistry demonstrates an
injection site of FG-IR in the thoracic cord
(T1±T4). Abbreviation: lf, lateral funiculus.
Scale bar, 400 mm (A and D±E) and 100 mm
(B±C).
cells are coexpressed in the Arc and RCA, some of the have identified a specific pathway that is activated by
leptin and may be involved in producing its effects.CART innervation of the IML likely also comes from
the Arc.
Our results confirm previous findings that leptin acti-
vates nuclear groups in the rat brain thought to be in- CART and POMC Are Coexpressed
in RCA/Arc Neuronsvolved in the regulation of neuroendocrine function and
energy balance (Van Dijk et al., 1996; Elmquist et al., Many recent studies have identified several CNS targets
of circulating leptin. These sites include neurons in the1997, 1998b; Wang et al., 1998). However, as in all Fos
studies, it must be noted that the absence of Fos-IR Arc, ventromedial, dorsomedial, and ventral premammil-
lary nuclei, all of which contain dense accumulations ofwithin an area does not exclude a particular nuclear
group's participation in a physiological response, as leptin receptor mRNA or immunoreactivity (Mercer et
al., 1996; Schwartz et al., 1996; Fei et al., 1997; Elmquistinhibitory responses may not be associated with Fos
expression (Chan et al., 1993). Moreover, firing rates of et al., 1998a; Hakansson et al., 1998). In the Arc, POMC
and leptin receptor mRNA have been found to be coex-neurons may change sufficiently to produce relevant
physiological responses without activating intracellular pressed (Cheung et al., 1997). Moreover, leptin regulates
the levels of POMC mRNA in the Arc, as ob/ob mice andpathways that induce Fos-IR. Undoubtedly, neurons
within other hypothalamic cell groups that innervate the food-restricted rodents have lowered levels of arcuate
POMC mRNA compared with controls. The repletion ofspinal cord (such as the PVH), whose participation may
be critical to elicit responses to leptin, are not accounted leptin elevates arcuate POMC mRNA levels to those of
controls (Schwartz et al., 1997; Thornton et al., 1997;for in our experimental paradigms. Nonetheless, we
Neuron
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Figure 4. Leptin-Activated Cells in the RCA/Arc Projecting to the
Spinal Cord
Line drawings of three rostral-to-caudal levels of the rat hypothala-
mus illustrate the distribution of leptin-activated cells in the RCA
and in the Arc of the hypothalamus that also project to the thoracic
spinal cord. The sections were processed for double-label immuno-
histochemistry for Fos and FG. Neurons containing Fos-IR and FG-
IR are numerous in the RCA (Xs). Neurons containing only FG-IR
(squares) or Fos-IR (circles) are also observed. Abbreviations: 3v,
third ventricle; ME, median eminence; ot, optic tract; and VMH,
ventromedial nucleus of the hypothalamus. Scale bar, 1 mm.
Mizuno et al., 1998). The most recent candidate mole-
cule for mediating leptin action is CART. Unlike POMC,
CART neurons are found at multiple levels of the CNS.
However, CART neurons residing in the Arc appear to
be regulated by leptin and may be critical in regulating
food intake and body weight (Lambert et al., 1997, 1998;
Kristensen et al., 1998).
Our findings demonstrate that neurons containing
both POMC and CART form an overlapping population
in the RCA and the Arc. As POMC neurons contain leptin
receptor mRNA (Cheung et al., 1997), it is clear that
CART neurons also contain leptin receptors, though this
remains to be directly demonstrated. These findings
also suggest that two distinct and segregated leptin-
regulated cell populations of the Arc/RCA cell group
exist. The more lateral group consists of the POMC/
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CART neurons that are positively regulated by leptin.
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Figure 5. Leptin-Activated Cells in the RCA/Arc Contain CART-IR
Line drawings of three rostral-to-caudal levels of the rat hypothala-
mus illustrate the distribution of leptin-activated cells in the RCA
and in the Arc of the hypothalamus that also contain CART-IR. The
sections were processed for double-label immunohistochemistry
for Fos and CART. Neurons containing Fos-IR and CART-IR are
numerous in the RCA and Arc (Xs). Neurons containing only CART-
IR (squares) or Fos-IR (circles) are also observed. Abbreviations:
3v, third ventricle; ME, median eminence; ot, optic tract; and VMH,
ventromedial nucleus of the hypothalamus. Scale bar, 1 mm.
When leptin levels fall, there is a corresponding de-
crease in levels of mRNA for both POMC and CART. In
contrast, a rise in leptin levels normalizes levels of both
POMC and CART mRNAs. A second and more medial
group of leptin-regulated neurons expresses NPY and
AgRP in the Arc. As with POMC and CART, there is a
substantial overlap of NPY and AgRP mRNA (Hahn et
al., 1998). Both NPY and AgRP stimulate food intake
when administered icv. Moreover, during periods of low
leptin, such as during starvation, the levels of both
mRNAs rise (Woods et al., 1998). This rise is prevented
by leptin administration or refeeding. Thus, two distinct
and opposing populations of leptin-regulated neurons
exist in the Arc and the RCA. Efferent projections of
these cell groups to the other CNS regions are likely to
mediate the diverse actions of leptin on energy homeo-
stasis.
The RCA/Arcuate Projection to the Spinal Cord:
A Novel Pathway Engaged by Leptin
Previously, we and others have demonstrated that leptin
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administration leads to increased Fos-IR within the PVH.
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The PVH has been implicated in the regulation of feeding labeling in the IML of the rostral thoracic cord (Bamshad
et al., 1997, Soc. Neurosci., abstract). Therefore, it isand body weight, as lesions of the PVH induce hyper-
phagia and obesity (Gold, 1973). In addition, injections likely that the spinal levels included in our injection sites
include preganglionic neurons that contribute to theof neuromodulators such as NPY into the PVH increase
food intake (Leibowitz, 1991). The PVH also provides a sympathetic innervation of BAT.
An absolute deficiency of leptin (ob/ob mice) resultsmajor descending projection to autonomic pregangli-
onic neurons in the medulla and spinal cord (Saper et not only in hyperphagia but also decreased body tem-
perature and energy expenditure. The repletion of leptinal., 1976; Swanson and Sawchenko, 1983). Leptin influ-
ences the autonomic nervous system, as leptin adminis- to these mice reduces body weight to an extent that
cannot be completely explained by decreased food in-tration affects body temperature, insulin levels, and BAT
norepinephrine turnover (see Caro et al., 1996; Collins take (Levin et al., 1996). Indeed, the repletion of leptin
to ob/ob mice increases body temperature and energyet al., 1996; Spiegelman and Flier, 1996; Haynes et al.,
1997). Therefore, we hypothesized that leptin may en- expenditure (Pelleymounter et al., 1995) and increases
sympathetic activity and norepinephrine turnover in BATgage PVH neurons that innervate sympathetic pregan-
glionic neurons. However, we found relatively few leptin- (Collins et al., 1996). Similar responses are also seen
in normally fed and food-restricted rats. Specifically,activated neurons that were also retrogradely labeled
by our T1±T4 tracer injections. We did find several leptin- leptin administration increased oxygen consumption
and mRNA levels of uncoupling protein-1 (UCP-1) in BATactivated cells that also contained CART-IR in the PVH.
The physiological role of these cells, however, remains (Scarpace et al., 1997). Therefore, the activation of the
sympathetic nervous system and BAT is an essentialunclear.
Surprisingly, we found that a very high percentage of component of leptin action. Interestingly, melanocortin
4 receptor antagonism inhibits leptin induction of UCP-1the retrogradely labeled cells in the RCA were leptin
activated and contained CART-IR. Relatively little has expression (Satoh et al., 1998), suggesting that the en-
gagement of hypothalamic POMC (and CART) neuronsbeen reported on this projection since it was described
by Swanson and Kuypers (1980). Cechetto and Saper by leptin is required to activate sympathetic outflow.
Consistent with this idea, we observed specific a-MSH(1988) also found spinally projecting cells containing
a-MSH-IR in the lateral Arc and the RCA. Our findings innervation of the sympathetic preganglionic neurons in
the upper thoracic levels of the spinal cord.of CART-immunoreactive cells that innervate the spinal
cord and the extensive overlap of CART and POMC- Swanson and Kuypers suggested the retrogradely la-
beled neurons in the RCA, following spinal cord injec-containing cells are in agreement with these findings.
Our findings clearly suggest that CART neurons in the tions, might be part of the VMH (Swanson and Kuypers,
1980). Our in situ hybridization and immunohistochemi-RCA that innervate the thoracic spinal cord are targets
of circulating leptin. The physiological importance of cal results support the interpretation of Cechetto and
Saper that the cells belong to the RCA and Arc contin-this projection remains to be established, but it is in-
triguing to speculate. We placed our injections in levels uum and not the VMH (Cechetto and Saper, 1988). None-
theless, the distribution of these cells is quite interestingof the thoracic cord that provide sympathetic pregan-
glionic neurons likely to regulate multiple systems, in- when compared with previous physiological studies in-
vestigating hypothalamic sites that regulate BAT activitycluding the cardiovascular system. Interestingly, leptin
administration has been shown to normalize starvation- and energy expenditure. For example, electrical or
chemical stimulation of the VMH was reported to in-induced falls in blood pressure (Casto et al., 1998).
Therefore, it is plausible that leptin may regulate blood crease sympathetic nerve activity in BAT (Saito et al.,
1989; Yoshimatsu et al., 1993). Interestingly, similar stim-pressure via this projection. The link between hyperlepti-
nemia, which is present in the vast majority of human ulations of the PVH resulted in mixed or no response in
BAT (Sakaguchi et al., 1988; Saito et al., 1989; Yoshi-obesity, and hypertension certainly deserves further in-
vestigation. matsu et al., 1993), suggesting that the VMH is critical
in activating BAT. However, the VMH itself does notThe most likely physiological target for the RCA pro-
jection to the T1±T4 cord is preganglionic sympathetic provide a substantial direct innervation of sympathetic
preganglionic neurons, as we observed very few retro-neurons regulating interscapular BAT. BAT plays an inte-
gral role in regulating body temperature, energy expen- gradely labeled cells in the VMH in our studies. It is
likely that in the aforementioned stimulation studies, thediture, and diet-induced thermogenesis (Lowell and
Flier, 1997). The importance of BAT on body weight CART-containing cells ventral to the VMH were also
stimulated. Therefore, it is plausible that the effectiveregulation is demonstrated by the fact that genetic abla-
tion of BAT results in obesity, hyperphagia, and hyper- stimulations reported in these studies overlapped with
the leptin-sensitive projection that we have identified inleptinemia (Lowell et al., 1993; Lowell and Flier, 1997).
Sympathetic innervation is critical for maintaining the this study. In agreement with this hypothesis, studies
using the monosodium glutamate (MSG) lesion modelthermogenic capacity of BAT following cold exposure
or forced overfeeding (Rothwell and Stock, 1984). The have demonstrated that the obesity in this model is a
result of decreased energy expenditure. As these lesionsinnervation of BAT in the rat is thought to largely come
from the first four intercostal nerves (Foster et al., 1982). affect primarily the Arc in the hypothalamus, these find-
ings suggest that the Arc is critical in regulating energyThe exact levels of the IML supplying preganglionic neu-
rons to this innervation have not been definitively shown; expenditure. Moreover, MSG-lesioned rats respond to
leptin to decrease food intake. However, these rats dohowever, injection of the trans-neuronal tracer pseudo-
rabies virus into the interscapular BAT results in dense not respond to leptin to decrease body weight and fat
Leptin-Activated Hypothalamo±Spinal Projections
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al., 1998; Elmquist et al., 1998b) and with brain sections from c-fospad mass, suggesting that the Arc is required to in-
knockout mice, resulted in no specific staining. Negative controlscrease energy expenditure following leptin administra-
were generated by omission of each primary antiserum. Immuno-tion (Dawson et al., 1997). Taken together with our re- staining for a-MSH was performed with an ovine anti-a-MSH. The
sults, these observations suggest that leptin is engaging antiserum specificity was determined by radioimmunoassay by us-
CART and POMC neurons in the RCA that provide de- ing 125I-a-MSH as tracer and assay conditions described earlier (Ta-
tro and Reichlin, 1987). The antiserum is highly specific for a-MSHscending inputs to preganglionic neurons that may af-
(with no apparent cross-reactivity with melanin-concentrating hor-fect sympathetic nervous system activity. Engagement
mone) and is dependent on the amidated C-terminal region for rec-of the RCA a-MSH- and CART-containing projection to
ognition.
the spinal cord by leptin may be critical for regulating
energy expenditure and maintaining body weight. Dual-Label In Situ Hybridization Histochemistry
The dual-label in situ hybridization histochemistry was a modifica-
tion of previous reported protocol (Simmons et al., 1989; Marks etExperimental Procedures
al., 1992). Antisense CART and POMC riboprobes were generated
from cDNA templates described previously (Cheung et al., 1997;Animals and Leptin Administration
Couceyro et al., 1997). The 35S-labeled cRNA POMC and the digoxi-Adult male pathogen-free Sprague-Dawley rats (250±350 g; Taconic)
genin-labeled CART probes were subjected to in vitro transcriptionwere housed in a light- (12 hr on/12 hr off; lights on at 7 a.m.) and
with SP6 and T3 polymerases, respectively, according to the manu-
temperature-controlled environment. The animals and procedures
facturer protocol (Promega, Madison, WI; Boehringer-Mannheim,
used were approved by the Harvard Medical School and Beth Israel
Indianapolis, IN). The nucleotide mixture was then digested with
Deaconess Medical Center Institutional Animal Care and Use Com- DNAase, and the labeled probe was precipitated with 4.0 M LiCl
mittees. As previously described, iv catheters were surgically im- and 100% ethanol. The 35S-labeled POMC probe was diluted to 106
planted (Elmquist and Saper, 1996; Elmquist et al., 1996), and FG cpm/ml, and the digoxigenin-labeled CART probe was diluted to
(2.5% in saline; Fluorochrome) was injected with a glass micropi- 1±2 ng/ml hybridization solution (Elias et al., 1998). The hybridization
pette and air pressure injection system (Cechetto and Saper, 1988; cocktail was applied, and sections were then incubated for 12±16
Elmquist et al., 1998b). The injections included the IML and con- hr at 568C. The following day, sections were incubated in 0.002%
sisted of three injections of 50 nl in the rostral thoracic cord (T1±T4). RNAase A (Boehringer-Mannheim) at 378C and rinsed in decreasing
Five to seven days later, rats were injected with recombinant murine concentrations of saline sodium citrate buffer containing 0.25% di-
leptin iv (1.0 mg/kg; kindly provided by Eli Lilly) followed by pyrogen- thiothreitol.
free saline (PFS; Sigma) or PFS alone (0.25 ml total volume/rat). All Sections were next incubated in sheep anti-digoxigenin primary
injections were given between 11 a.m. and 12 p.m. Groups consisted antisera conjugated to alkaline phosphatase (1:1,000; Boehringer-
of iv leptin and FG (n 5 7) and iv PFS and FG (n 5 4). In addition, Mannheim) overnight and in a nitroblue tetrazolium chloride and
six unmanipulated rats were perfused for POMC and CART mRNA 5-bromo-4-chloro-3-indolyl-phosphate (Boehringer-Mannheim) chro-
colocalization studies and immunohistochemical staining for CART- mogen solution (Marks et al., 1992). Sections were dipped in 3%
and a-MSH-IR in the spinal cord. parlodion (Fisher Scientific) and placed in X-ray film cassettes with
BMR-2 film (Kodak, Rochester, NY). Slides were next dipped in
NTB2 photographic emulsion (Kodak), stored at 48C for 5 days,Histology and Immunohistochemistry
and developed with D-19 developer (Kodak). Control proceduresTwo hours following leptin or PFS administration, rats were perfused
included hybridization with sense probes and tissue pretreatmenttranscardially with 10% neutral buffered formalin (Sigma, St. Louis,
with RNAase A (200 mg/ml).MO). The procedures for single-label immunohistochemistry were
performed as reported previously (Elmquist and Saper, 1996; Elias
Dual-Label In Situ Hybridizationet al., 1998). Spinal cord sections were incubated in CART rabbit
Histochemistry/Immunohistochemistryprimary antisera (1:10,000) or a-MSH sheep primary antisera
The protocol utilized for combined in situ hybridization and immuno-(1:50,000). The injection sites were incubated in FG rabbit primary
histochemistry was a modification of that described previouslyantisera (1:20,000 in PDT; Chemicon, Temecula, CA). After washing
(Chan and Sawchenko, 1995; Kelly and Watts, 1996). Tissue sectionsin PBS, sections were incubated in biotinylated donkey anti-rabbit
were first processed for immunohistochemistry for FG as describedIgG (CART or FG) or biotinylated donkey anti-sheep IgG a-MSH
above except that normal serum was removed and replaced with(1:1,000; Jackson Laboratories, Bar Harbor, ME) and avidin±biotin
1% bovine serum albumin, 5.0 mg/ml heparin (Sigma), and RNasincomplex (ABC; 1:500 in PBS; Vector Elite Kit) for 1 hr. After that, the
(35 U/ml; Promega). Sections were then processed for POMC in situtissue was incubated in 0.04% diaminobenzidine tetrahydrochloride
hybridization.(DAB; Sigma) and 0.01% hydrogen peroxide dissolved in PBS. The
DAB reaction product was intensified by using a silver-gold intensifi-
Estimates of Cell Countscation procedure described previously (Breder et al., 1992; De La-
In the FG-injected cases, immunoreactive cells (Fos, FG, or Fos 1
calle et al., 1993).
FG) in the RCA, the lateral Arc, and the PVH were counted with a
Brain sections were processed for double-label immunohisto-
grid reticule and a 103 objective (Elmquist et al., 1996, 1997; Tables
chemistry as reported previously (Elmquist and Saper, 1996; Elm-
1±3). In addition, in three leptin-treated and three PFS-injected rats
quist et al., 1997). Tissue sections were incubated in Fos rabbit (all without prior tracer injections), the relative number of neurons
primary antisera (Ab-5; Oncogene Sciences, Cambridge, MA; containing leptin-induced Fos-IR and CART-IR were counted in the
1:100,000) followed by biotinylated goat antirabbit IgG (1:1,000; Vec- RCA and two levels of the lateral Arc. Similarly, the relative number
tor, Burlingame, CA). Sections were then incubated in ABC; Vector of cells containing CART mRNA or CART-IR that also contained
Elite Kit; 1:500) and reacted with DAB, nickel sulfate and cobalt POMC mRNA in the RCA and Arc were also estimated. These data
chloride (Fisher Scientific, Pittsburgh, PA), and hydrogen peroxide. were not corrected for double counting or using a stereological
Tissue sections were next exposed to FG raised in rabbit (1:20,000) technique, because the objects we were counting (nuclei and retro-
and processed as described above. gradely labeled or immunocytochemically stained cells) did not
An adjacent series was stained for Fos immunohistochemistry, change in size, and section thickness did not vary between groups.
except that the nickel and cobalt solutions were omitted. The sec- Hence, as all double-label studies are inherently qualitative, our
tions were next incubated in CART primary, biotinylated antisera results are meant to provide relative data but are not meant to be
and in Cy3-conjugated streptavidin for 1 hr (1:200; Jackson Labora- accurate estimates of absolute cell counts.
tories). The Fos-IR was observed with brightfield optics, the CART-
IR using the rhodamine filter and the retrogradely labeled using the Production of Photomicrographs
UV filter system. Brightfield photomicrographs were produced by capturing images
Control experiments, which included incubation of the tissue in with a digital camera (Kodak DCS) mounted directly on the micro-
scope (Zeiss Axioplan) and an Apple Macintosh Power PC computer.antisera preadsorbed with the antigens (Koylu et al., 1997; Elias et
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Fluorescence photomicrographs were produced with a 35 mm cam- Douglass, J., McKinzie, A.A., and Couceyro, P. (1995). PCR differen-
tial display identifies a rat brain mRNA that is transcriptionally regu-era system mounted on the microscope and color slide film. The
lated by cocaine and amphetamine. J. Neurosci. 15, 2471±2481.resultant 2 3 2 slides were digitized with a Nikon Coolscan and
an Apple Macintosh Power PC computer. Image-editing software Elias, C.F., Saper, C.B., Maratos-Flier, E., Tritos, N.A., Lee, C., Kelly,
(Adobe Photoshop) was used to combine photomicrographs into J., Tatro, J.B., Hoffman, G.E., Ollmann, M.M., Barsh, G.S., et al.
plates. Only the sharpness, contrast, and brightness were adjusted. (1998). Chemically defined projections linking the mediobasal hypo-
All figures were printed on a dye sublimation printer (Kodak 8600). thalamus and the lateral hypothalamic area. J. Comp. Neurol., in
Cytoarchitectonic details were added by using a camera lucida. press.
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